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DECLARATION OF AVI ASHKENAZI, Ph.D UNDER 37 C.F.R. S 1,132 

I, Avi Ashkenazi, Ph.D. declare and say as follows: - 

1 . I am Director and Staff Scientist at the Molecular Oncology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in 1 988 as a postdoctoral fellow. Since then, I have 
investigated a variety of cellular signal transduction mechanisms, including apoptosis, and have 
developed technologies to modulate such mechanisms as a means of therapeutic intervention in 
cancer and autoimmune disease. I am currently involved in the investigation of a series of 
secreted proteins over-expressed in tumors, with the aim to identify useful targets for the 
development of therapeutic antibodies for cancer treatment. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. Gene amplification is a process in which chromosomes undergo changes to 
contain multiple copies of certain genes that normally exist as a single copy, and is an important 
factor in the pathophysiology of cancer. Amplification of certain genes (e.g., Myc or Her2/Neu) 
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gives cancer cells a growth or survival advantage relative to normal cells, and might also provide 
a mechanism of tumor cell resistance to chemotherapy or radiotherapy. 

5. If gene amplification results in over-expression of the mRNA and the 
corresponding gene product, then it identifies that gene product as a promising target for cancer 
therapy, for example by the therapeutic antibody approach. Even in the absence of over- 
expression of the gene product, amplification of a cancer marker gene - as detected, for example, 
by the reverse transcriptase TaqMan® PCR or the fluorescence in situ hybridization (FISH) 
assays -is useful in the diagnosis or classification of cancer, or in predicting or monitoring the 
efficacy of cancer therapy. An increase in gene copy number can result not only from 
intrachromosomal changes but also from chromosomal aneuploidy. It is important to understand 
that detection of gene amplification can be used for cancer diagnosis even if the determination 
includes measurement of chromosomal aneuploidy. Indeed, as long as a significant difference 
relative to normal tissue is detected, it is irrelevant if the signal originates from an increase in the 
number of gene copies per chromosome and/or an abnormal number of chromosomes. 

6. I understand that according to the Patent Office, absent data demonstrating that 
the increased copy number of a gene in certain types of cancer leads to increased expression of 
its product, gene amplification data are insufficient to provide substantial utility or well 
established utility for the gene product (the encoded polypeptide), or an antibody specifically 
binding the encoded polypeptide. However, even when amplification of a cancer marker gene 
does not result in significant over-expression of the corresponding gene product, this very 
absence of gene product over-expression still provides significant information for cancer 
diagnosis and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring of gene 
amplification and gene product over-expression enables more accurate tumor classification and 
hence better determination of suitable therapy. In addition, absence of over-expression is crucial 
information for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a patient with 
agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so 



made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 

By: /|vnAvU^^ ) Date; q/lS-foy 
Avi Ashkenazi, Ph.D. ' 
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1456 Tarrytown Street, San Mateo, CA 94402 
(650) 578-9199 (home); (650) 225-1853 (office) 
(650) 225-6443 (office) 
aa@gene.com 



Education: 

1983: 
1986: 



B.S. in Biochemistry, with honors, Hebrew University, Israel 
Ph.D. in Biochemistry, Hebrew University, Israel 



Employment: 

1983-1986: 
1985-1986: 
1986 - 1988: 

1988- 1989: 

1989- 1993: 
1994-1996: 

1996- 1997: 

1997- 1990: 
1999 -2002: 
2002-present: 



Teaching assistant, undergraduate level course in Biochemistry 
Teaching assistant, graduate level course on Signal Transduction 
Postdoctoral fellow, Hormone Research Dept., UCSF, and 
Developmental Biology Dept., Genentech, Inc., with j. Ramachandran 
Postdoctoral fellow, Molecular Biology Dept., Genentech, Inc., 
with D. Capon 

Scientist, Molecular Biology Dept., Genentech, Inc. 
Senior Scientist, Molecular Oncology Dept., Genentech, Inc. 
Senior Scientist and Interim director, Molecular Oncology Dept., 
Genentech, Inc. 

Senior Scientist and preclinical project team leader, Genentech, Inc. 

Staff Scientist in Molecular Oncology, Genentech, Inc. 

Staff Scientist and Director in Molecular Oncology, Genentech, Inc. 



Awards: 

1988: 



First prize, The Boehringer Ingelheim Award 
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Editorial: 

Editorial Board Member: Current Biology 
Associate Editor, Clinical Cancer Research. 
Associate Editor, Cancer Biology and Therapy. 
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Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi, A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology S, 104-1 15 (1995). 

9. Chamow, S., and Ashkenazu A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenaz^A,, and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol 9, 195-200 (1997). 

1 1 . Ashkenazi^A., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). 

12. Ashkenazi, A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol 11, 255-260 (1999). 
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13. Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl, DcR2; and DcR3. 
Online Cytokine Handbook (www.apnetxom/cvtokinereferenceA . 

14. Ashkenazi. A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. arid Ashkenazi, A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi, A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi, A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gpl20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. IBC conference on 
Antibbdy Engineering. San Diego, CA, December 1993. 

5 . Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 

E 

Asilomar, CA, May 1994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso, CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura* CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

1 1 . Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

1 2. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1 996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
International Congress on hnihune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman aind speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference oh Apoptosis. San Diego, CA,, October 1997. 

1 8. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23. Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apojrtosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

31. Apoptosis arid cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Troridheim, Norway, May 2000. 

34. The Apo2I/TRAIL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and iriodulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

4 

41. Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001 . 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001 . 

44. Targieting death receptors in cancer with Apo2L/TRAJL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001 . 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001 . 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001 . 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, C A, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRADL (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAJL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference oil 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1 . Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosshnking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A; Fong, S., Goddard, A., Gurney, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

1 1 . Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469, 1 44 B 1 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,582,928B1 (Jun 24, 2003). 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C.F.R $ 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 2023 1 

Sir: 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al. 9 Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et aL Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i;e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 



that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



therapy. 
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I declare further that all statements made herein of my own knowledge are true and 



Date 




Audrey D. Goddard, Ph.D. 



AUDREY D. GODDARD, Ph.D 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



1 1 0 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



1993-present 



Genentech, Inc. 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility, 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



Audrey D. Goddard, Ph.D page 2 of 9 



1993 - 1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia, XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S. t Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl t Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

* 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M ( Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell ScL 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Ltvak, Susan J.A* Flood, Jeffrey Marnwo, William Giusti, and Karin Deetz 

Perkln-Elmcr, Applied tHoyyttcms Dlvi&lon, Hester city, California 94404 



The S' nucteat* PCR mtsmy datnetf the 

Accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during Hie amplification reaction* 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and o 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCfi product and h«» 
been cleaved by the 5'->3' nude* 
©lytic activity of Taq DNA polymerase. 
In this study, probes with the 
quencher d>* attached to on Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end, All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood «f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridised to a com- 
plementary strand. Thui, oligonucle- 
otides with reporter «nd quencher 
dyes attached at opposite ends can 
be used as homogeneous bybrldlra- 



A 



homogeneous auxay for detecting 
(he mvtif nutation of specific 1»CR prod- 
uct that u$es a double-labeled fluoro- 
genie probe was de-scribvd by Lee et al« 0) 
The assay exploits the 5' - > 3' nude- 
olytlc activity of Taq DNA poly* 
meiuM?* 7 ' 1 * 1 and h diagramed in Figure 1. 
'flic flu erogenic piuJui consists of an oli- 
gonucleotide will* ** reporter fluorescent 
dye, nikIi ab a fluorescein, attached to 
die 5' eml; and a quencher dye, such as a 
rhodamine, Attached Internally* When 
the fluorescein is excited by irradiation, 
Us fluorescent omission will he 
quenched if the j! ind*] til i ic is* close 
enough to be excited through the pro* 
cess of fluorescein:!* energy translef 
(tt-r). H •» During PCM, if the probe is hy. 
bridized to a template »li«nid f Taq DNA 
polymerase will cleave the probe be- 
cause of Its Inherent 5.' 3' nucleolytic 
activity. Jf the cleavage occurs between 
the fluorescein and fhodamlnc dyes, it 
cause* an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The Increase in 
fluorescein fluorescence. Intensity indi* 
cates tliut the probe-specific PCR product 
has Iji^f i generated* Thus, FET between a 
icjfuiic-i dye and a quencher dye is criti- 
cal to the performance of Ihc piubc lu 
UiC 5' u uLltrac PCR ctVMty. 

Quenching Js completely dependent 
on the physical proximity of \hvt two 
dyes. u,) Because of thb, It hb* av 
Mimed that the quencher dye mu»l be 
altached neat the 5' end. Surprisingly, 
we have found that attaching o rho- 
daiiiiuc dye a I lire 3' cud of a pioln: 



PCR assay. l*uKhermore f cleavage of this 
type of probe, is not required to achieve! 
some reduction In quenching* .Oligonu- 
cleotides with a reporter dye on the y 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. Tiii.% should 
make it possible to use this type of dou- 
ble* labeled probe for homogeneous de- 
tection of nucleic acid Hybridization, 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
Study. Linker arm nucleotide 1 - (LAN) 
phosphoramidfic was obtained from 
Gien Research. The standard DNA plios- 
phor&miditcs, 6-carhoxyfluorcscein (6* 
FAM) phosphorainidite, fi-carboxytet* 
ramcthylrhodanilnc sucdnlmldyl ester 
(TAMRA NHS ester), end Phosphalink 
for attaching a 3' -blocking phosphate, 
were obtained horn Parkin-Elmer, Ap- 
plied Blosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 Tjna synthesiser (Applied 
Qlosystems). Primer and complement 
oligonucleotides were purified using 
Ollgu Purification Cartridges (Applied 
Blosyslctm), Uimblc-luln-Jitd prober were 
*yuU»ohcd with <*-PAM»labeIed phov 
pliwidiiiidiLt; at the: 5' «rid f I AH replacing 
mm of the Ts In the sequence, and Phos- 
phalink M the 3* end. Following de- 
piiittxtloii ami cttianol precipitation, 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of ine 5' -» 3' nudeutytic ac- 
tivity of Tttq DNA polymerase acting on a fkioruKcnic probe during one extension phase of J'tiR. 



mM Na-blcarlvonaic buffer (pi J 9.0) At 
room temporal ui*c. Utucactcd dye was 

itauuvri] by utusuge ovei a I'D -10 $eph«» 

dcx column. Finally, Ihc double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(MPUI) using an Aquaporc C M 220x4.6- 
mm column with particle sice. The 
column was developed with a 24*mhi 
HntHir gradient of $-20% ucctonUrlle in 
0.) m TEAA (trkthylomine ucctotc). 
l'robes are named hy designating the se- 
quence from Tabic 1 and the position of 

the IAN-TAMKA moiety, I'or example. 

probe Al-7 ha* sequence Al with fAN- 
TAMKA at nucleotide position 7 from the*. 
.V end. 



f CR $y»tem> 

AH PCR amplifications were performed 
in the Perkm-Elmcr GeneAmp PGR Sys- 
tem 96UU using Mi-pJ reactions that con- 
tained 10 mM Trls-HCl (pH 50 iiim 
KCi ( 200 jiM dA'iP, 200 |im dCTP, 200 »M 
dGTP, 400 pM dUTP, 0.5 unit of AinpBr- 
ase uracil N.glyeosyla&e (PoddruElmer), 



gene (nucleotides 2141-2435 in the sc* 
quencc of Nakaitino-II|lnia ct al.) t7J was 
amplified using pi inter* APP and AltP 
(Table 1), which are modified slightly 
from those of du DreuU ct Actln am- 
plification reactions contained 4 him 
MgCI* 20 ng of human genomic 1>NA, 
SO dm Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotide* 



primer. The thermal regimen was S0*0 
(2 mln), 95*0 (10 mln), 40 cycles of fcS'O 
(20 sec), 60°C (1 mln), and hold at 72*C 
A S15-hp segment wast amplified from a 
plasmld lhat consist* oi a segment ol X 
1>NA (nucleotides 32,220-3?., 747) in- 
serted in the Smal slto of vector pUCl 19. 
These reaction* cunUilintd S.5 him 
M{;(:|^ 1 ng of plttsmid DNA, 50 nM VZ or 
PS probe, 200 nM primer Fll°, and 200 
um pjiinei R119. The thermal regimen 
SO^C (2 min), 95*0 (10 mln), 25 cy- 
cle* Of *>5 tt C (20 sec), 57%: () mln), <tnd 
hold at 72*C, 



fluorescence Detection 

Vov each amplification reaction, a 40-|xl 
aliquot oi a sample was transferred to an 
individual well of a white, 0&.w«t)| micro* 
titer plate (Perkin-Ulmer). Fluorescence 
was measured on the Pcrkin-Limer Taq- 
Man LS-SOU System, which consists of a 
luminescence* spectrometer with plate 
reader assembly, a. 4B5-nm excitation ftl* 

ter, arid a M&»nm emission filler. Excita* 
tion was at 488 Tim using a Vnm slit 
width. Emission was measured at 518 

nm for 6-1 'AM (the. reporter or U value) 
and nm for TAMUA (the quencher or 

Q value) using a lO-nm slit width. To 

determine the liiac-asc in icpoiiei unlv 
nJoii that 1m caused try cleavage of the 
probe during PCU, three norrnatir.aTlo«& 

arc applied to die raw emLiMOu data, 
first, emission Intensity of a buffet blank 
Is subtracted fur each Wavelength. Sec* 
ond, emission intenslcy of the reporter is 



Name 




Sequence 


FU9 


pjimer . 


ACXX^CAGC5AACrOAlCACCAC-rc 


KU9 


prlmvr 


AixsTcocarrcxxxscrrcAcxmci cic 




probv 


'i<XKwriA<^IOAi<xrnx:ccAAccACTp 




coinplcmcnL 


CnACrOGriYJC<MACX;ATGA<)TAATOCnA'l 1 C 


rs 


probe 


COOA'iTrGCiXiUrAlXJiATX^AACCATV 


T5C 


ccmplciucikt 


TlX^TCCTTfTTCATAC^IAC^AOCAAA'rCCC 


AW 


primer 


TCACXX^CACTCTGCCCATCTACOA 


ARP 


primer 


VWW OA At X XiOX 'AT rCKX'AA'rOG 


Al 


proiie 




Al^ 


compl«in«nt 


At^<x:( 4 Atu;Aix;<:cjvTtKK;c;(;At;(;(K^iAC 


A3 


piol>c 


C<K^XI<SGACrrCCAOOAAOAOAT|. 


A3C 


LVrxipleiiieul 





for each oligonucleotide used In this study, the nucleic add sequence h glvcii, mitten in trie 
A' > 3' direction. Theie «re t)>r«r* types of oligonucleotides; fCR prlmer ( fluorogenic probe used 
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518 

ror 
10 
lis* 

ihe 
Jris 
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A1*7 JtA«?CKXC^CXXTCVVT<^ 



Prob* 


618 nm 


682 nm 


no* 




AftO 




flA tMV\fi. 




no Ump. 


« Urnp. 










2* 5 d. 2.1 


32.7 A 1.0 


33.3 it 0.0 


3B.C 4 2.0 


0.G? * 0.01 


o.eo j 0,06 


O.tOdO.OG 


A1»7 


63.0 it 4.3 


305.1*21.4 




1 103 !* S-3 


040*0.0$ 




3jO0* 0,1ft 


A1-14 


127.0*4.0 


* 




93.14 6.3 


1.t6i0.02 


4.3410.I5 


3.184 0.1$ 


A-M9 


1*,0 




70.3 * 7 A 


73.0* S*,Q 


2.67 3 0.06 


6,oo*o.ic 


0.19:1 0.16 


A1-22 


S24.G J 0^4 


4e&tt±40.e 


100,0 ±4.0 




£.2G a. 0.03 


5.02 ± 0.1 1 


C77 10.12 




I60£ J 0.9 


464.1 1 lt*.4 


ifcU * *>.4 


W7 ± a.* 


1./*Z±0.02 




&UV±0.U8 



flCURE 2 Results of 5' nuclroor vwy toiHf>arii\g p-a*Un probe) with TAMRA at different nncle 
©tide positions. As described In Materials and Methods, FOt »mpliflca0onfr containing the in- 
dicated probes were performed, and the fiuorcavence emission was rneisured at 518 and 582 nm. 
Reported value* an? the average* 1 s.Ot for six reactions nin without added template (no temp.) 
ami six reactions run with template (-1 temp*). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported HQ* and HQ 1 valuta. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes tor well- 
to- wen variations in probe concentra- 
tion and fluorescence measurement. FN 
4 naily, ARQ Is calculated by subtracting 
tnc KQ value of the no-template control 
(RQ") from the KQ value for the com- 
plete reaction including template 

RESULTS 

A series of probes with increasing dis- 
. lauces Dtrween the fluorescein rcportei 
and rhodamtnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance m the s< nuclease i'CH as* 
jay, Tnese probes hybridize to a target 



.sequence in the human {i -act in gene., 
ft&uic 2 shows the results of an cxperi- 
incut in wliich these probes were In- 
cluded in PGR thai amplified a segment 
of the p-iH'tlu containing the UJgct 
sequence- IVifwiiiiaiice in the 5' nu- 
clease I'CR assay Is monitored by the 
magnitude, of AkQ, which h a measure 
of the Increase in reporter /luurocwuv 
utuacd by PGR amplification of the 
probe target, Frobe Al-Z ha* a ARQ value 
that is close to rero, indicating that the 
probe was not Cleaved appreciably dui* 
tng the amplification reaction. Tliis* aug- 
KcaU that with the quencher dye on the 
second nucleotide from the .V end, there 
Is insufficient room kn Tity polymerase 
to cleave efficiently between the reporter 
and ^uenuhei. The other five probes ex- 
hibited comparable: AHQ values thai are 



clearly different from zero. Thus, all five 
probes arr hcfnft cleaved during K:R am- 
plification louHing in a similar liierease 
ill leportci riuoi^ocJicc. It .should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 

in Figure 2 (data not shown). Tims, even 
in reactions where amplification occury, 
the majority of probe* molecules remain 
uiicloavcd. it is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMUA changes Hitlc with 
amplification nf the target. This Is what 

allows us to use the &82*nro 'fluorescence, 
reading as a norm ill station factor. 

The magnitude nf RQ* dr»pond^ 

mainly on the quenching efficiency in- 
hetfinr in the- specitic .structure ol the 
probe and the purity of the oligonucle- 
otide* Thus, the larger HQ" values Indl* 

cate that probes AM4, AJ -i9 f Al-22, and 
Al-26 probably have reduced quenching 
as compared with A 1-7. Still, the degree 
of quenching Is sufficient to detect a 
highly significant increase In reporter 
fluorescence when each of these -probca 
id cleaved, during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6 VAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay* Tot each pair, one ptobc has 
TAMPA attached to an internal nude- 
ullUe and the othei has TAMRA attached 
to the y end nucleotide, The results arc 
shown in Table 2. *or ail three, sets, the 
probe with the 3' quencher exhibits u 
4RQ value that is considerably highe! 
than foe the probe with the internal 
quencher, The HQ" values suggest thni 
differences in quenching arc not as grrmt 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 
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TABLE 2 Results of V Nuclease Assay Comparing Probe* wiUi TAMRA Attached to ah internal or 3'-tcrminwl Nucleotide 



f^TOlgl 



at 8 run 



MZ nm 



rrobe 


no tamp. 


+ temp- 


lit) Letup. 


4 temp. 


HQ 






A3-6 
A3-24 


S4.6 ± 3.7 
72.1 ± 2.9 


84.* z 3.7 
236.5 2.11.1 


84.2 + 4,0 


90.2 x 3.8 


0.47 a. 0.02 
0.86 a 0,02 


0.73 a. 0.0» 
2.62 ± 0.05 


0.20 ± 0,04 
1.76^=0.05 


P2-7 
1*2-27 


62.8 2. 4.4 
113.4x6.6 


384.0 1 34.1 
555.4 ± 14.1 


iuyj X 6.4 
140.7 + 8,5 


120.4 * 10.2 
118.7 2:4,8 


0.79 * 0.02 
0,81 ± OjOI 


3,19 * ai6 

4.6U ± 010 


2.40 s* OH. 
3.88 t 0.10 




77*5 ± 6-5 
64*0 i 5.2 


244.4 l 1$.$ 
333.6 ± 12.1 


86.7 ± 4.3 
MK),6 ± 6J 


9S.S 6,7 
94,7 £ 


0.69 « 0.05 
OAT ± 0,02 


2-S5 A 0.06 
3.53^0.12 


1.66*0.08 

2.89 i aia 



— *~^t,^*** rmthM «nrt nb-itUiions were Deiformed us described In Mvierlel Methods And in the legend to fig. 2. 
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fluorescence of a rvpnrter dye on the R 1 
end. Tin? degree of quenching is suffi* 

tienl for i\m (yp t * of oligonucleotide to 

be used as a probe in the .V nucleic PCR 
assay. 

To test the hypothesis that quenching 
by a .V TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
nioasuiod for probes in the Single- 
stranded and double stranded states. To- 
hlo H report* the fluorescence observed 
at 518 and 582 Jim. The relative degree 
of quenching Is Assessed by calculating 
the RQ ratio. For probes with TAMRA 
*-)0 nucleotides from the S' end, there 
is little difference in the RQ values when 
comparing singlMtranctad with double- 
stranded oligonucleotides, The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase* in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double- 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 1 effect on 
quenching Flgur* 3 shows a plot of ob- 
served HQ values for thu A\ series of 
probes as a function of Mg a concentra- 
tion. With TAMRA attached near the 5' 
end (prohe Al-2 or Al-7), the RQ value at 
0 niM Mg*" is only Slightly higher than 
RQ at 10 irtM Mg* * . Pox probes A1>19, 
A] -22, and AU26, the RQ values at 0 mM 
Ug 94 are very high, indicating a much 



reduced quenching efficiency, For each 
of these probes, Mete. 1st a marked de- 
crease in KQ at 1 rnM Mg* 4 followed by 



ti gradual decline as the Mg* concen- 
tration increase* to 10 mM. Piube A1-14 
shows an intermediate RQ value at 0 mM 
M$ ?,( wiili it gradual decline at higher 
Mg^* coiKenlialluiis. In a low-salt en- 
vironment with no Mg 1 " present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended con for- 
mal ion because of electrostatic repul- 
sion. The binding of Mg a+ ions acts io 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the H' end is close to the 5' end, There- 
fore, the observed Mg 2 ' effects support 
the notion that quenching ol a 5' re* 
porter dye by TAMRA ervr near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study Is that 
it seems the rhodamine dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent em Is* 
sinn of a fluorescein (6-FAM) placed at 
the 5' end. This implies thai a single- 
stranded, double-labeled oligonucle- 
otide must be* able to adopt conforma- 
tions where the TAMRA is dose to the 5' 

end. U should lie noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time, Therefore, what 



TABIC 5 Comparison of Plvini eACe<Kv Bmhwuus of Sliigtc-CitTtindCd and 
Double-** r*ndcd Fluorogenic frobe* 



518 nm 



582 nm 





as 


ds 




OS 


W 


<JS 


AbV 


27.75 


68.53 


61.08 


138.18 


0.45 


0.SQ 


A 1-26 


43.31 


509.38 


53 ~S0 


93.86 


0.81 


5.43 


AU 


16.75 


62.88 


39.33 


165.57 


0.43 


0,38 


A.V24 


30.05 


578.fi4 


67.72 


140.25 


0.45 


3.21 




35.02 


70.1.1 


M.63 


121.09 


0.64 


0.58 


1*2-27 


30.89 


320,47 


65.1U 


61.13 


0.61 


5.25 


l'S-10 


27.34 


144.05 


61,*5 


165.54 


0.44 


0.87 


PX-2B 


33.65 


462.29 




104.6] 


0.46 


4.43 



(as) Single-stranded. 'Jtie fluorescence emissions at 538 or 582 nm for solutions containing a final 
concentration of 50 nM Indicated probe, lo mM I ris-i ici <pH 8.3), 50 aim 3CC1, and 10 mM MgCl^. 
(ds) Doublc-Ktranded. 'ft™ solutions contained, In addition, 100 iim A30 for profit* AV7 and 
A)*26. 100 mi A3C for probes A3-6 and A3-24. 100 HM |*2C : for prolM? FZ-7 and 1*2-77, or 100 nM 
r$C fur probes M-i o and ps-aa. weforc me acdmon of MRtii,, j w *U of eaflj MUiwtc was itcatcU 



matter* for quenching is not the a vera f 
distance between 6'iAM and TAMP 
but, rather, how close TAMKA can get i 
6*FAM during die lifenme of the 6-FA1 
excited state. As long *s the decoy time i 
the excited state, is relatively long con 
pared with the molecular motions of tt 
oligonucleotide, quenching can occu 
Thus, we propose that TAMRA at the ■ 
end, or any other position, can queue 
6-FAM at the V end because TAMRA 1$ i 
proximity to fi»FAM often enough to fc 
able to accept energy transfer from a 
excited 6*FAM. 

Details of the fluorescence measure 
ments remain puzzling. For example. T; 
bit- 3 shows that hybridisation of probe 

Al*26, A3-24, and PJ-28 to their coroph 
meniary strands not only causes a larg 
increase in 6*FAM fluorescence at 51 
nm but also causes a modest increase i 
TAMRA fluorc.sce.net* at 582 nm. ] 
TAMKA is being excited by energy tran; 
fcr from quenched then loss c 

quenching attributable to hybridizatloi 
should cause a decrease in the fluorc* 
cence emission of TAMRA. The fact tha 
the fluorescence emission of TAMRA in 
creases indicates that the situation 1 
more complex. For example, we have an 
ecdnial evidence that the bases of th< 
oligonucleotide, especially Ci\ quencl 
the fluorescence of both 6-FAM an< 
TAMRA to some degree. When double 
stranded, base-pairing may reduce th< 
abCity of the bases to quench. 1 tie pri 
niary factor causing the quenching o 
6-FAM in an intact probe is the. TAMR/ 
dye. f-vidence for Hie important* o 
TAMRA is thai 6 KAM flumi^ceno 
itunviins relaUvely unchanged whei 
probes lalxjK'AJ ouly with 6-FAM are use< 
in the 5' nuclease 1*CR assay (data no 
shown). Secondary effectors of fluores 
cence, both before and afiei cleavage o 
the probe, need to be explored further. 

Kegardlcss of the physical mccha 
ntsm, the relative independence of posi 
tion and quenching greatly simplifies 
the design of probes for the S' nuclcaM 
PCR assay, There are three main factor! 
that determine: the performance of i 
double-labeled fluorescent probe In tlx 
5' nuclease 1>CR assay. The first factor h 
the degree of quenching otaerved In tht 
intaa probe. Tills is characterized by the 
value of RQ' , which Is the ratio of re- 
porter to quencher fluorescent cmis 
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FIGURE 3 Kltee! of Mg Ki concentration on RQ ratio for the Al seriei of proles. The fluorescence 
emission Intensity al 518 and 5&2 ntn was measured for solutions containing SO hm probe, 10 mM 
Tris-HCl (pH 63), 50 mM KCK and varying amounts (0-10 mw> of Mg€J 2 * Jne calculated kQ 
ratios (518 nm intensity divined by SHZ nm ititen.siiy) art* plotted vs. MgCI A concentration (mM 

Mx), The key {up]n>p tight) idiuwa the fimtnt* t-Aaiuimnl. 



dyes used, .spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other, faciui* Umt induce flexibility of 
the oligonucleotide, and purity of (he 
probe. The j>ccond factor is the efficiency 

* of hyhiidi£allon f which depends on 
probe T mt presence of secondary struc- 
ture In probe or template, annealing 

■ temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 

' which Taq DNA polymerase cleaves the 

, bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
Ihe observation that mismatches in the 

segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probn. (1) 

lite rise in HQ' values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some- 
what as the quencher i.% placed toward 
the y end 'Ihe lowest apparent quench' 
mg Is observed for probe Al-19 (sec Fig. 
3) rather than for the probe where the 
TAMRA Is at the 8' find (A1-Z6). This ts 
■understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher at the 3' end is freer to adopt 

conformations close to the 5' reporter 
dye than is an internally placed 



*»*•— — — »K»* n «l*A» iKm 



probes, the interpretation of RQ values 
is leas clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
pjobc having a laiger RQ than the In* 
ternal TAMRA probe. Tor the f'2 pah, 
both probes have about the same RQ" 
value. For the PS probes, the RQ for die- 
s' probe la less than for the Internally 
labeled probe. Another factor that may 

explain some of the observed variation is 
that purity affects the RQ" value Al- 
though all probes are HPLC puiified, a 
small amount of contamination with 
unquenched reporter ran have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on decree of quenching, the posi- 
tion of the quencher apparently uin 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place* 
mem of the TAMRA on the second nu- 
cleotide teduL.es the efficiency of cleav- 
age to almost zero. For the A3, 1% and PS 
probes, ARQ is much grader for the 3' 
TAMKA probes as compared with the In- 
ternal TAMRA probes. This Is explained 
most easily by assuming 0ml piobes 
with TAMRA at the 3' end ore more likely 
to be cleaved inrtwcen lepoiiej and 

quencher than are probes with tamra 

attached internally. Tor the A1 probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher n 
nl»r«Hl rintr*r to thp ,V end. This illus- 



trates the important of being able to 
use probes with a quencher on the A* 
end in the £' nuclease PCR arisay. In this 
assay, an increase In the Intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between I he 
reporter and quencher dyes. By placing 
tin* lepojujr id qutfiichiM dyes un tho 
opposite end* of an oligonucleotide 
probe, any cloavage that occurs will be 
detected. WhcH the quencher Is attached 
to an internal nucleotide, sometimes tbe 
probe works well (A 1-7) «md other lluics 

not so well (A3-6). Hie relatively poor 
performance of probe A3-6 presumably 
means tho probe U being cleaved 3' to 
the quencher rathor than between the 

r^pnripr and quencher. Therefore the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the V nuclease I'CR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
cod may aldo provide a slight bonellt In 
terms of hybridisation efficiency. Hie 
presence of a quencher attached to an 
Intern al nucleotide might br expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2V/-H ft (! reduction 
in T m has been observed for two probes 
With ijueiiially attached TAMKAs/^ lliis 
disruptive effect would be minimized by 
placing the quencher al the 3 1 end, Thus, 
probes with 3' quenchers might exhibit 
slightly higher bybridi/iation efficiencies 
Uiuii piol>eS with inieritttJ quenclieiTf. 

The combination of increased cleav. 
age and hybridization efficiencies means 
that probes with 3 1 quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. Tins tol- 
erance of mismatches can be advanta- 
geous, as when trying to use 0 single 

probe to detect PCK-amplificd products 
froinsnmpleN uf diffeienl species. Also, it 
means that cleavage of probe duri ng PGR 
is less sensitive to alteration* in fuV 

ncaling temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage is tor allelic discrimination. I-ec 
ct al. 01 demonstrated that aMele-speciflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them 10 distinguish the normal 
human cystic flbTOsi* allele from the 
AFS08 mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Ktfeet of Mg* ' concenTmtiun on RQ raito for ttic A3 scries of probes. The fluurmeuiit* 
emlssiun intensity at MR and 582 nm was measured for solution* containing 50 iim probe, 10 mM 
Tri»-lia t (oH 8.3), 50 mM and varying amounts (0 10 mM) of MgCI*. I'hc calculated RQ 
ratios (si 8 nm intensity divided by 5«2 nm intensity) are plotted vs. MgCl 4 concentration (mim 
Mr). The key (qfiprr &how$ the probes examined. 
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dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence, 
context effects, presence i>t structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe 7' m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which 709 UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown try 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe. u> 

'the rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching Is reduced some* 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe A) -19 (sec Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al<26). This is 
understandable, as the conformation of 
the S end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer lo adopt 
conformations close lo the 5' reporter 
dye than Is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 

probe having a larger RQ" than I ho in- 
ternal TAMRA probe. For tins H2 pah; 
both probes have about the same RQ 
value. For the PS probes, the RQ' for the 
3' probe is less than fvi the inlcinally 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purliy affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef* 
feci on RQ . 

Although there may bo a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu* 
cleotlde reduces the efficiency of cleav- 
age to almost zero. l ; or the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in* 
temal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al*7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the Importance of being able to 
use probes with a quencher on the 3' 
end in the V nuclease I'CU assay. In this 
assay, an increase in the intensity of re 
porter fluorescence h observed only 
when the probe is cleaved between the 
re|>ortcr and quencher dyes. Ity placing 
the reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
I'mla 1 -, any cleavage thai occur* will lie. 
detected. When the quencher u attached 
to an internal nucleotide, 6i/meihmi& the 
probe works well f^Al-7) and other times 
not *o well (A3*6). The relatively poor 
performance of prohc A3-6 presumably 

means the probe is being cleaved 3' 1o 
the. quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the V nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms ol hybridization efficiency. 'Ihe 
presence of a quencher attached to an 
interim I nucleotide mi^hl be expected to 
disrupt base-pairing and reduce the T p(V 
of a probe. In fact a 2°C~3 9 C reduction 

in T m has been Observed for two probes 

with internally attached TAMRAs/ 9 ' This 
disruptive effect would be minimised by 
placing the quencher al the 3' end. Thus, 
probes with 3* quenchers might exhibit 
Klightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and Target as compared 
with internally labeled probes. This tol* 
erancc of mismatches can be advanta* 
gcous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, It 
mean* that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination, l^ee 
et al/" demonstrated that aUclc*speclfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target- This al* 
lowed them To distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. ThetT probes had TAMRA 
attached to the seventh nucleotide from 
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Uim V end and were designed so thai any 
mismatches were between the reporter 
arid quencher. Incretulnft the distance 
betwaan reporter and «juerkeh*r would 
lessen (he disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
discrimination. 

In this study lost of quenching upon 
hybridisation wa» used to show that 
quenching by a 3* TAMRA I* dependent 
on the flexibility of a slngle*stranded oli- 
gonucleotide, The increase in reporter 
fluorescence intensity, though, could 
Ako be utftd to determine whether .hy- 
bridization has occurred or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes Attached at opposite ends 
should also be useful as hybridization 
probes. The ability to delect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
Kinetics, Also, this type of probe could be 
used to develop homogeneous hybrid- 
i ration assays for diagnostic* or other ap- 
plications. Bagwell Ct al, Uo) describe just 
this type of homogeneous assay where 

hybridization of A probe causes an In- 

crease in fluorescence cauacd by o loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form wo imperfect 
hairpins. The results presented here 
deiuuiisime that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the otliei 
end generate* a fluorogenlc probe that 
can detect hybridization or i'CK amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method meaciira PCR product 
accumulation through a duaWaheled fluorogenlc probe (Lc., TaqMan Prob*). This method provides ^very 
accurate and reproducible quantitation of gene copies. Unlike ocfer quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling* preventing potential PCR product carryover contamination and 
resulting In much faster and higher throughput assays. The mMIim PCR method has a very large dynamic 
ranee of starting target molecule determination (at leut five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid science analysis has 
had an important rote in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses lo various stimuli (Tan et al. 
1994; Huang el at. 1995a J); Prud'homme et al. 
1995), Quantitative gent* analysis (DNA) has 
Ih-cii used to determine the genome quantity of a 
particular gene, as in the case, ot the human HKR2 
gene, which Is amplified in '-30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(HJV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct at. IV9:sto; 
Purtado el al. 1995)- 

Many methods have been described for the 
quantitative analysis ot nucleic acid sequences 
(hoih for RNA and DNA; Southern 1V/S; Sharp ci 
al. 1980; Thomas 19«0). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (R'O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made ]X>s- 
slbic many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



thai It be umjU' properly for quantitation (tt»«y- 
maekm 1995), Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity, It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Hcrrc 1992; Clement! el al, 
100?) 

Ke^fifcheis have developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures PCR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
(hat each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with kh»ilic*l efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such as p-aclln) tan be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are. analyzed during the log phase 
of the reaction (foT Ixilh the target gene and the 
normalization gene), Another method, quantita* 
live competitive (QCH«», bas 1**" developed 
and is used widely for PCR quantitation, QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak et al, 1993*,I>). The efficiency of each re- 
action is normalized to die internal competitor. 
a bitnwn amount of internal competitor Can be 
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added to each sample. To obtain relative ouanU 
ration, the unknown target PGR product is cum- 
pared with the known competitor K*:r product. 
Success of a quantitative competitive VCli assay 
relics on developing an Internal control that am- 
pi inns wlih the same efficiency as the tuiget 
cculc. The design of the coiupctUoi and the vali- 
dation of amplification efficient-jo jequire a 
dedicated effort. However, because qc^pcr does 
nut require that PCttptoducts be analysed during 
the log phase uf the amplification, it is this easier 
of the two methods to use. 

Several detection systems aie usvd for quan 
titative PCR and RT-I*CU analysis; <1) agarose 
gels, (2) fluorescent label lux of PC SU products and 
detection with Ifi.itir-iiuluixtd fluorcavencc using 
capillary electrophoresis (hasco ct ah 1995} Wil- 
liams ct ah 1996) or acrylandde gels, and (3) plate 
capture and sandwich probe hybrid l*«t Ion (Mul- 
der el aK 1994). Although these methods proved 
successful, each method requires posl-l'CR ma- 
nipulations That acid time to the analysis and 
may lead to JabuuUoty t onlrtuiination. The 
sample throughput of these mrtluid> i* limited 
(wllh the i-xccpilon of the plate capture ap- 
proach)* and, therefore, these methods are not 
well suited fin u.scf* demanding high sample 
Throughput (I.e., screening of large numbers of 

Mi>xiiwlr\.ulc:» oi *iia\yyAi*tf SAmplea fux diagnuit* 
lie* or clinical trials). 

Here wc report the development of a novel 
assay for quantitative TWA analysis. The assay is 
hayed on the use -of the &' nuclease assay first 
described by Holland ct al. (1991), The method 
uses the 5' nuclease, activity of 7Vi</ polymerase to 
cleave a noncxtcndlblc hybridization prol>c dur- 
ing the extension phase of PGR. Tin: approach 
uses d vi a 1 -labeled fluorogcnic hybrid! /.at Jon 
probes (Lcc et a). 1 5>5>3; itosslcr ct al. lf>f>3; hlvok 
ct al, 1$96o,b). One fluorescent dye servo ess a 
reporter (FAM (i.e., (Vcarboxyfluorvsccm)! and hs 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (he., o-carboxy-tetramethyl- 
ihodaminc). The nuclease degradation of the hy- 
bridi/iitlon probe releases the quenching t»f the 
CAM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at S)B nin. 
The use Of u sequence detector (AU1 i'lism) allows 
measurement of fluorescent spectra of ail 96 wells 
of the thermal cycler continuously during the 
i^CK amplification. Therefore, the rem lion* ajc 
monitored in real time. The outpul data is de- 
scribed and qualitative unalyab of input turret 
I )N A sequences is discussed below. 



RESULTS 

PGR Product Derectlon in R«al Time 

'The goal was to develop a high-throughput, son- 
xitivv, and accurate gene quantitation »x«»y fw 
use 'In monitoring lipid mediated therapeutic 
gene delivery. A piasmld encoding human factor 
VIII gene sequence, pFSTM (»<*. Methods). w;is 
used as a mcKlel ihcrapcutic gene. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capabU: of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Detector). The 
Taqman reaction requires » hybridization pTohr 
Ial>clcd with two different fluorescent dyes. One 
dye is a reporter dy«i (I'AM), the other ix quench- 
ing dye (TAMRA). When tiie proln: i.s inlact, fluo- 
icsccnl energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbco* hy the 
quenching dye (TAMRA). During the extension 
phase of the PCK cycle, the fluorescent hybrid- 
ization probe K cleaved by the S'-.V nucleolytic 
activity -of the. DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
lran.nfcrrcd efficiently to the quenching dye, re 
suhinKhtgii increase of the report or dyu fluores- 
cent cniw-don **}>^Ctra, PCK primers uud pruben 
were designed foi th'u human fiiclor VJ 1 J se- 
quence and human (3-acttn gene (as dt-..icril>fcd in 
Methods). Optimization reactions were per- 
formed 10 choose the appropriate probe and 
magnesium concentrations yielding the hiRhe-st 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge'couplcd device (i.e., CCD camera) for 
measuring the fluorescent emission speetm from 
SOO «<» 1550 nm. Kach PCR tube waji monitored 
sequentially for 25 rn.svc with continuous moni- 
toring throughotlt the amplification. Uach lube 
wo,i rr.-examlncd every BiS »ec. Computer s<>ft- 
ware was designed to examine the fluorescent In- 
tensity of both the reporter «lye (KAM).and 
the quenching dye (TAMRA). The fluorescent 
intensity of the quenching dye, TAMltA, chungvs 
very I It lie. over the course of the PCR ampHfl* 
cation (data not shown). Therefore, the Intensity 
of TAMKA dye emission serves a* »n internal 
.tlaiidard with Which to norm ul lye the reporter 
dye. (I : AM) emission variations. The software cal- 
culate? u value, termed ARn (or ARQ) using the 
following e<iuation: ARn - (ltn J ) (Hn"), where 
Kn 4 • emission iijlcjisity \>t retwrler/eniissioti in- 
tensity of quencher at any given time In a reac 
tlon tube, and Ru - emission inttmsilily of rc*- 
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porTcr/cnilsslcm Inurmily i>f quencher measured 
prior to I'CU iimpiiiicaiion in that same reaction 
tube. For the purpose of quantitation! the Usi 
three data points (ARns) collected during the. ex- 
tension step for each PCK cycle were analysed. 
The micleolytic degradation of the iiyumljy-iiion. 
probe oexurs during ihe exicnsiuM phase of rtat, 
and, therefore, reporter fluorescent ciiusaiun in- 
creases during this lime. Hut tlucc data point?* 
were averaged for each KJK cycle and the mean 
value for each was plotted in an "amplication 
plot" shown Jn J'i^urc 1 A. The AKn mean value is 
plotted on the v*axl$, and time, represented by 
cycle number, is plotted on the *-axis. During the 
early cycles of the VCR amplification, the ARn 



value remains at base. Hoc Wh<*n sufficient" hy- 
bridization probe has been cleaved by the Tut) 
1>olymarayc nwcl^AfiO activity /the iuluiisiiy of re- 
porter fJuorcjiccni emission iiieretttet*. Most PCU 
ainphfiv4itjons reach a plateau phaw of reporter 
fJuoieHVHl emission if the reaction Is carried mil 
lo high cycle uujiiIhtin. The amplification plot i*J 
examined euily in th* reaction, at a point lhai 
■ c-prcscnts iiw log phase of product arcmnu!a» 
tion. This Is done by assigning an arbUjaiy 
threshold thai is bawd on the variability or the 
bijstsUne data- In Wguns 1 A, the threshold was sci 
at 10 standard deviations above, the mean of 
bafvo line emission calculated from iyuksi 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Flaure 1 PCR product detection in real time. (A) The Model 7700 software will construct a £Pffi"**> n J^ 
from" e JS^f*** fluorescent emission da'ta collected during the PCR ^gg^J^ ^ 
viation is determined 1rom the data points collected from the base line of the ™ 
calculated bv determining the poini at which the fluorescence exceeds a threshold limit (usually 10 Tjmes ine 

of the base W <*> Overlay of amplification plots of serial* (1 *> dl,u ^ 
»na «mbi,* amnlHied with B-actin primers. (O Input DNA concentration of the samples plotted versus Cr All 
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the amplification plot crotsco the thrcshold ivcle 
fined as C P C r is reported as the cycle number ;n 
till.*! jMjim. Ar will be demonstrutodj the C, value 
h pi edict) ve of the quantity of input target. 

Values Provide a Quantitative Measurement, of 
Input Target Sequences 

Figure 1R shows amplification ploU of l^'dtffe** 

ent PGR amplifications overlaid, The amplify 
Hons were performed on a 1:2 serial dlhitkw •<&". 
human genomic 1WA. I*hc amplified target wa*. 
human p octin. The amplification plohi Khifl to 
the right (to higher threshold cycles) ns the input 
target quantity h reduced, 'J his is expected ho 
vxwm rtmctlorifi with fewer starting eopitts of the 
largei molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 

determine the O r values. Figure 1C represents the 
C r values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, C, • valuta can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6*ng sample shown In Plgurc 
lfl does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves ctndpolnt pla- 
teau at a lower fluorescent value than would he 
expected based on the input PNA. This phenom- 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under Investigation. It is important to note 
that the flattened slope and early pJatcau do not 
impact significantly the calculated C, value us 
demonstrated by the ill on the line shown In 
Figure 1C, AH triplicate amplifications ursulted in 
very similar Cr values — the standard delation 
did not exceed 0,5 for any dilution. This experi- 
ment contains a >1 00,000-fold range of input tar- 
get molecules. Using C v vahtcs for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol lluorcsccnt in- 
tensity measurement of the AIM Prism 7700 Se- 

anuru 
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merits over n very large T$n$»<« of n*Ui\vo cn*rtlng' 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efncU-nry uf 
PC'.R amplification: magnesium and sail conceu : 
tuitions, reaction conditions (i.e., time and tem- 
perature), PCM target size and composition, 

primer sequences, and sample purity. All of rite 
.above factors are common to a single VCR assay, 
except sample to sample purity. In an effort to 
validate Ihe. method of sample preparation for 
thciactor Vill assay, PCR amplication reproduc- 
ibility and oiflciency 01 10 replicate sample 
pre|>ar;itiOTis w«ru examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quantUaicd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciin 
^cnc. content in 100 and ZS iir of total genomic 
1WA. Each PCR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
licate samite show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PGR 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation into the 
quantitative PCR analysis. Comparison of tlie 
mean C n values of tlie JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-acttn gene quantity. The highest 0? 
difference between any of rhe samples was Q.&S 
and 0.7] for the 300 and 25 ng samples, respec- 
tively. Additionally, the. amplification of each 
sample, exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Fig. 2). 
Any sample containing an excess of a PCX inhibi- 
tor would exhibit a greater measured 3-acdn O r 
valuc for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with tint 
sample in the dilution analysis (Hfl. 2), altering 
the expected C ( * value change, Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard I o 
sample purity. 

Quantitative Analvsis of a Plasm id After 
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Mean 
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Table 1. Reproducibility of Jump I* Preparation Method 



* * * 1 



100 ng 



Ct 



standard 
m£an deviation 



CV 



1 8.24 

18.23 

1S.33 

18.33 

18.35 

1M4 

18.3 

18,3 

18*42 

18,15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 
18.67 
19 

18.28 

18.36 

18.52 

1 8.45 

18.7 

18.73 

18.18 

18-34 
18.26 
18.42 
18.57 
1 8.66 

0 io) 



13.27 0.06 



18.17 0.06 



18.34 0.07 



1 8.23 0.08 



18.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



1B.29 0.1 



18,-12 



0.12 
0.17 



0.32 
03? 
0.36 
0.46 

0,23 

1.26 

0.66 

0.83 

0.55 

0.6S 
0,90 



20.46 

20.55 

20,5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20.48 

20,44 

20.38 

20.68 
20.87 
20.63 
21.09 
21,04 
21.04 
20.67 
20.73 

20.98 
20.84 
20.75 
20,46 
20.54 
20.4B 
20.79 
20.78 
20.62 



25 ng 



mean 



20.43 



20.51 

20.73 
20.66 



standard 
deviation 



20.51 0.03 



70.54 0.1 1 



20.54 0.06 



0.05 



20.73 0.13 



21.06 0,03 



20.68 0.04 



20.86 0.12 



0.07 

0.1 
0,19 



cv 



0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

* 

0.-16 
0,94 



(or con tainirtg a partial cDNA for human factor 
vm, pi'8TM. A series of tran-sfcclions was sot 
up using a decreasing amount of the plasmicT<40, 
4, 0.5, and O.l ng). Twt-my-rour hours post- 
■trtmsfet-iSnn, total DNA wa$ purified from each 
flask of ivlb. p-Acliiigcue quantity was chosen 
a value for normalize i*m of genomic DNA con- 
centration from each sample, hi tills expel iui cut, 
(4-actin gene content should remain constant 
relative to total genomic DNA. Figure 3 shows the 
result of the p-actln DNA measurement (100 ng 
total DNA determined hy ultraviolet spectros- 
copy) of each set tuple. Kaeh sample was analysed 
jit triplicate and the mean p-actin Of values of 
the triplicates were plotted (error bars represent 

^.«n <*?<M«i«i*rf riwiM»r»ni 1 he htotMW iiiffrrcnrr 



betw<teii any iwo sample moam was 0.^5 C t - Ten 
nanograms of total DNA of uach Sample were also 
examine*! for p-aclln. Hie results again >l«>wcd 
that very similar amounts of genomic DNA were 
present; the maximum mean p actio C: t value 
difference wa.s 1 .0. As Figure 3 shows, the rate of 
P-actlu C v change between the 100 and 10-ng 
sample* was similar (sloj>e values rang« hwtwoon 
3.56 and - 3.45). This verifies again \hk\l ih'e 
method of .sample preparation yields sajripfos of 
identical PC.R integrity (i.e., no sample contained 
an excessive amount of a PCR inhibitor), How* 
ever, these results indicate that each sample con 
talncd slight diffeiences in the actual amount of 
genomic 1>NA analyzed. Determination of actual 
«enomic DNA v.onccj^ ration was accomplished 
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Figure 2 Sample preparation purity. 1 he replies to 
samples shown In Table 1 woro also amplified In 
tri pic-ate using 25 ng of each DNA sample. The fig* 
ui* shows die input DNA concentration (TOO And 
25 ng) vs. C, In ihp liQnr^, ihi* 100 and 25 ng 
polnU for each sample are connected by a line. 



by plotting the mean ^-actio C 4 value obtained 
for each 100- ng samplv on *i p-aclln standard 
4.1*1 ve (shown in Wh- The acWial genomic 

ON A coneeiitrathm of each sumpl^, was ob 
talncd by extrapolation to thu x u^ii, 

Figure 4A sliows the measured (I.e., n«>n» 
normalised) quantities of /actor VJJJ pin sin id 
ONA (pPSTM) from each of the four transient eel] 
lni">*fcc'iton>v Each reaction contained 100 ng of 
lota! sample DNA (as determined by UV speetro*- 
copy)* VacU sample was analyzed in triplicate 
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Figure 3 Analy^b of transected cell DNA quantity 
and purity. I he DNA preparations of thu four 293 
cell transections (40, 4, 0.5, and 0.1 w of pF8TM) 
were analysed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate, For each 
amount of pF8TM trial was transfected, the (5-actln 
C T values are plotted versus the total Input DNA 

— (Art 



rrr»nr\T 



Pt.fc amplification*. As shown, pl ; 8*Ilvl purified 
>funt> Jbe 293 cells decreases (mean C, values in- 
VTU:t*cj with decreasing amounts of plaxmld 
itrumi'i-Ucd« Thy mcmi C x values obtained for 
pFHTW in Tlgurc 4A were piotted on a standard 
curve c<«niprlJted uf seilally diluted pFRTM, 
shown 4n figure 4R. The quaulHy uJ pI'XTM, h, 
found in each of the four transections was de 
tc*mined by extrapolation to the x zxk of the 
standard curve In Pigure 4H. 'Hu^c uncorrected 
values, h, for pKHTM were itoriDMHxud to dctcr- 
mine Uie actual amount of pl*81M found per 100 
riK of genomic DNA by using (he equation:. 

{> x 1Q 0 ng actual pV&rM copies per 
- r n g 0 f genomic DNA 

where a actual genomic I'JNA in u sample and 

(jupiwrn copies from the standard curve. The 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four transections Is 
shown in Hgure 'tlicw ^oult^ show Uiai the 
quantity of factor Vlll plasxnlU a^soeJated wiili 
the 2.93 ceUH, 24 lir after truMsfv4-.tiu!i, Ui:t.iiMse?» 
with Uccrcusln^; pj^ihiufd utHiAiiHiaiJou used In 
the traiiafcction. The quantity of pl-'BTM nsaoeJ- 
aica witn 293 celUs, after transfcctlon wltli 40 (itg 
of piiasmid, was 35 pgp^r 100 ng genomic DNA. 
This results in -520 plasmid copies per cell, 



WSCUSSION 

We have described a new method for quantitnt- 
iuft gene copy numbers using feaMlmc analysts 
of PCJR amplifications. ReaMlmc FCK is compat- 
ible with cJthtT of the two PCK (KT-PCR) ap- 

proaciio: (1) quantitative con»i>«tihivt: where an 
internal competitor for each target sequence iy 
used for nojrrjahfcatJon (data not shown) or (2) 
quantitative comparative PCK using a iiwuiializa- 
tion gene contained within the sample (i.e., p-ac- 
tin) or a w h6us«keeping" gene for RT-PCK. ff 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification efficiency 
before quanTlt«tt1ve analysb o identical for each 
sample, the Internal conhol (nurmaliration jjene 
or competitor) should give equal ^Knals for alJ 
sartiplcs. 

The real-time PCK method offers several ad- 
vantage* over tltc other two methods currently 
employed (see the Introduction), l'irst, the real- 
time PCR xnethod is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative analysix of pFSTM in transacted tells. </4) Amount of 
plasmid DN*A used for I he trwnsfecilon plotted against the mkuim C, value deter- 
mined for prfiTM remaining hr after transection, (0,C) Standard curvnj of 
pPATM and fi-a<Un, respectively. pf^TM ON A (0} and genomic. t>NA (Q were 
diluted AftHally 1 ;5 before ^mpliflcMton with the appropriate primers. The p-actin 
standard curve wa* us«d to normalise Ihc results of A to 1 00 rug of genomic DNA. 
(0) The amount of pFSTM present per 1 oo n<j of genomic DNA. 



of samp]**. Therefore/ 1 he fw>tenlia) for PCK con- 
tamination in the laboratory Is reduced because 
amplified products can ho. analyzed and disponed 
■of without opening the reaction tubes. Second, 
this method suppoiU the use of a tiorm<i1ixcttk>u 
gene (U., P-octin) for quantitative PCR or house- 
keeping genes for quantitative RT-PCk controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
log phase permit* many different genes (over a 
wide input target range) to be analysed simulta- 
neously, without concern of reaching reaction 
plateau at different cycle*, Tins will make iiiulll- 
gene analysis assays much caslei lv/ develop, be- 
cause individual internal eumpetUui* will nui l>c 
needed for each gene under analysis. Third, 
sample throughput will inucase diamalicaily 
with the new method because, there js no j>ost- 
rCR processing time. Additionally, woik'mg In a 
96-well formal Ls highly compatible with auto* 
ination technology, 

The real-time PCR method is- highly repro- 
ducible. RcpHcaie. amplifications can be analyzed 



for each sample minimising ]>otcntlal error The. 
systttin allow* 1'ot a very large assay dynamic 
range {approaching i,ooo # <MXKold starting Uu- 
got). IJalug u .standard curve for the target o] in* 
terest, relative copy number values can be deter- 
mined for any unkjiuwii sample. Fluorescent 
threshold values, O r , coneJatr. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
UT*.|»c;K methodology (Gibson et al v this l.wiift) 
has also been developed, finally, real tlm* quan- 
titative 1'Cli methodology can be used lu develop 
high-throughput screening assays for a variety of 
applications f quantitative gene c*pjeaoioii (RT- 
rCR), gene copy assays (Itcrfc, I11V, etc.), £cm> 
typlng (knockout mouse analysis), and Jnimuiio- 

rcuj. 

Real-time POR may also 'be performed using 
intercalating dyes (Hlguchi ct al. such as 

ctJ*Jdmrn bromide. The fluorogenic probe 
method offers a major advantage over inter- 
ralating dyes- -greater specificity (i.e., primer 
dimvrs and nunsp«Hne PCR producls are not de.- 
t<*A*»ed). 
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METHODS 

Generation of <t Plasmid Containing a Partial 

cDNA Tor Human Factor YI1I 

Total RNA v»«> Jwrvrtted (UNA*** » u%>!» 'I*' To*t, Inc., 
jTJC«^v\*ood, TX) from ev)l> l»*o*fecied with a factor VUl 
expression vector, pC:JSZ.Bt£5lJ (KoUm ei M. 1VH0; Gor. 
™on ci al. 1900), A factor VIII partial cl)NA uvpjcmv WAS 

^ttuimtcd by irr KSotieAmp ja tTth una pf*Ji Kii 
(pan n&ok-ov/s, Applied iiiosysicins, l'ostei City, 

using IIk* PCHt ptiuiurs FHfor ««d I-Hrev (prb»«'r wqnence* 

arc fthown below). The ampHcou was reamplifted dMnR 
modified l*for and Wrcv primers (apixiulvd with ItemM 
and HwdlH restriction sire sequences »i the V end* and 
clonal bdo ptiKM- 3Z (Promt^u corp., Muduon, Wl). The 
resulting chine, pPSTM, was uwd lor transient transfecilon 
of 293 cell*. 

Amplification of Target DNA ami Detection of 
Amplicon Factor VIII Plasmid DNA 

(prari*M) was amplified with die |#tinH.-i-s ltifor 5'-<XX^ 

cmi<;(^\AUAu:iXjA(XiK"mv^* and Wrcv *»'-AAA<:<rr- 

(^OCXn'OGA'IXiCjTAOC-A'.llittivnctUui produced w 422- 
op hc:k produci. The forwurd primer waa dv>h*iied to icv 
ogntzc u imltpiv M'ifiii'iiii* fimud lii the 5* untranslated 
region of Ok; pamtl pG152.ckZ5J> pldMiml <ind ihitfcforc 
does out H'laiK"^" <IM ^ amplify the human factor VUl 
gene. Prim or* wero eh ok on with tliv jwistanrf* of live* com- 
puter program Oligo 4«o {Notional lliuffcionccs, lnv„ Ply. 
mouth, MN). The human p-actin g4*w was amplified with 
the primer* p-cu-iin forwArd primer j^TCAOCOACACrrtiT 
GCCCAT<rrAC:t';A-:r and fi-acluj reverse piimcr V-CAC- 

C0GAACCX:<:i'<:Ari<J<:<;AATGG-3\ The reaction pro- 
duced a 2V5'bp K:u produce 

Amplification reaction* (50 fxl) contained a DNA 
sample, )0X IK at Buffer 11 (S p,l), 200 pM dATP, dCTP, 
dGTP, an<1 400 )tM dtrn» # 4 inM Mg<:i„ 1.25 Units AmplI 
7W(/ DNA polymerase, 0.5 unit AiapKrasc uracil N-Rly- 

emylu*v (UNO), £0 pinole of each factoi VII] jtrlilKi, and 15 
piiioh* of until i p actio pitmor. 'Hio i<*actloi^ uImi oinUtncd 
One Of the foMowlnj; ^{c*(c(*tloM pmlMW (KM) nu rnrh)* 

j'8pn»hc s'(i , AM)Ac:criYrrc:c:Ac:c:Tc;frn , <rrrr<:rc , r- 

GCCTT{TAMRA)p J' «ud p-nctiu probe 5' (TAM)ATCCM:c:- 
Xa , AMKA)CCCCC/TC(":CATCp-. , »' where p indicates 
phnAphoryMHoo nnd X Indicates a linker arm nucleotide. 
Reaction lolnr* wrtv Mit:rtiAn\p Opti^t Tulx-s (part AUflrt- 
IktNKOI OO.IX, Pcrkln lUmur) thai wvrc froett^l («t IVrfclo 
rimer) to pri*v<-ni lighl from /cflcclln^, *)\tbc copi were 
slmihiv in MieroAi\»p c;nj>a IhiI specially dfr^iftned lo pre- 
vent tight tttatUTMig. All <tl llf<* \K'M <.*Mtfluin<il>U'* wcro »vi>w 
pln:d hy PK Applied Hjo«y^temti {|io»ifr Clhy, CX) except 
l he fuel or Vllt prliuera, which >veie syodirsl/rd al C'citen 
lech, Inc. (Soutli Frmjclsoo! CA). Probes ww dcsl^nt-d 
u.shig the Oligo 4.0 Aoftwarc # f<»lk>>vlHK gtildelluoy 

jjciiieo m tnc Modr] 7700 .sequence J>euvU>r tn.-ituum-ni 
manual. Krlcfly, probe T m ^JmhiIJ he Al Jcost 5 U C J)i^rr 
man flu* aniwuHnx tvui^joiurc u.»cd during On rmtil ey- 
rlitig; primers sho^ild not foim M«iblv d*iplexe^ willi ibe 
probe. 

'llic thcnnol 4'ye.llng cuudilioivs Included 1 juln «tt 
51TC and 10 nnti at 95"C. 'Ilira-mal cycling procrrded with 
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re actions were performed *»* ih<* K4orlol 7700 Sequence IX*- 

Unior (PU AppHed UiusysUmiw), ctfhlch coulalin m Gene- 
Amp Syslwm $3«X>. Ufca*:llon cotidiiion^ wcrt- pro* 
ftruumtcU on I'www Macinh^lt V100 (Apple C-ompnlrr, 
Rama Qara, l^V) linked ctim-ily t« the Model WOO Ki*- 
tjucnw iXilffClor* Aiit4'y*l* *>f daU wm* ji<*r{/»oTn*H on 
thv Mm-tnlMh computer. OIlActtoii and analytic cnfiwarc 
wiw dovclo|wl »t l*K Applied Hlo«yftiuiiis. 

Transection of Cells with Factor VIII Construct 

Vnur T17.S Oaskfi of 293 cells (A'ltx: C\l\. 157H). ?» hontan 
felol kidney suspension cell Hue, were h^owm to R00(> con- 
Owency Anil tranjfetied ptVl'M Cells wore Rrown in tlu» 
follnwlitg media; St)% HAM f X HI 2 wllhoul OMT, 50% low 
glucose )HU1k<h.n>'s modified Ka^lo mcdiiiin (UMIIM) wltb« 
out glycine with sodium bicarrxwiatc, 10% ietal Umnc 
scniin, 2 inm L-KluUtnlno and 1% peniciilin-strcpiomy- 

tin. The medio dwoged 30 rnin Mo«* ihe iransfee 
lion. pPUTM DNA amounts of 40, <J r 0-V nnd 0.1 pf; were 
iidiicci i<> i.A ml of « solutJoti conulnlns 0,1 a* m CmO % - 
and 1 x UtWVS. The four mixture* wore left al room tern- 

pemoare f*« lO mln and then uddvtl dmpwlse la tlie cells. 
The n»>k* ^vie biv.ul*ited at 37°C and 5,% < ;O a f<ir 24 hr, 
wished with PliS, i««»d wwu^pended In PllS* The k*k»i« 
j remit*! cell* were divided into **lim«»lft uod UNA WA4 cx- 
tnutrcd Iminediulely uninj; IheQIAanrp KUhkI Kit (QUge-n. 
(awt»wortli, C«A). I>NA wus e.luted Into 200 pi oi 20 i»n 
IVU-IICJ ot pil H.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). A PC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 /ig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 /ig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PGR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fiM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP- 1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(*ct) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-I and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on j3-catenin levels (13, 14). Expression of WISP-I was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycl ine- 
xpressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-L The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of **40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were, 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 (Af r 27 K) (Fig. IB), Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

CS7MG 



Parent Wnt-1 WnM ' 




Fig. 1. WISP- 1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/WnM, and C57MG/ 
Wnt-4 cells. Po!y(A) + RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1 -specific probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0- act in probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. W/SP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 14). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-I (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to WnM. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
y CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2, Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4. (/4, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B) y 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal (s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F) f expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3 t in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WIS Ps in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression, 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr ceil lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jtg) 
digested with EcoRl {WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Tumor Number 

Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10- fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C$7MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov t WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v fo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RN A was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP 2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38), Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the.W/SPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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Wc have developed a novel "real time" quantitative PCR method. l ^^ f ^ 
accumulation through a duatfabdtal fluorogenlc probe (Lc„ TaqMan Prote). This mtlhod provides ; wry 
accurate and reproducible quantitation of pne copies. Unlike other quantitative PCR methods, M PCR 
doe. nor require post-PCR sample handling preventing potential PCR product carry-over coniamlltfUM and 
resulting In much faster and higher throughput assays. The mHIvm PCR method has a very large dynamic 
range of starting taryet molecule determination (at feast five orders of -magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important role in many fields of biologi- 
cal research. Measurement of gcue expression 
(RNA) has bctsu used extensively In monitoring 
biological responses to various stimuli Clan ct al. 
1994; Huang et a!. I9f»5a,b; Prud'homme et al. 
1995). Quantitative gene analysis (DNA) lias 
been used to determine the genome quantity of 9 
particular gene, as in the case of X tie human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarrion et al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(HiV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak et al. }WMn; 
J urrado et al. 199S). 

Many methods have heen described for the 
quantitative analysis ot nucleic acid sequences 
(both for UNA and DNA; Southern 19/6; Sharp et 
al: 19K0; Thomas 19«0). Recently, PCR lias 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase. (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided 0 ]>owcrfu] tool, it is imperative 
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that it be uaed properly f«r quantitation (tt»«y- 
maekeTs 1995). Many early reports of quantita- 
tive: PCR and II I -PCR described quantitation of 
ihe PCR product but did not measure the initial 
target sequence quantity, it is essentia) to design 
proper controls for the quantitation of the initial 
target sequences (Perrc 1992; Clementl et al 
1003) 

Ki'Nfciifcheis have., developed several methods 
of quantitative PCR and KT-FCR, One approach 
measures PCR product quantity in the log phase 
of the reaction hefore the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
(hat each sample has equul input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tained in all .samples at relatively constant quan- 
tities, such as p-actin) can be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gd electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for lnilh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ 'PCR, has l>cen developed 
and is used widely for PCR quantitation. Q< J-I*Cft 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak cl al. 1 W3«,l>). The efficiency of each re- 
action is normalized to the internal competitor. 
a wnnwn airman I at Internal competitor can be 
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added to each snmplo. To obtain relative quant- 
ration, the unknown target VCR product is com- 
pared witli the known competitor l*CU product. 
Success «fa quantitative competitive VCU assay 
relit*son acvcloplngan internal control that am- 
piini^ wlih the same efficiency as the uugei *nol 
cxiile. The design of the coiupetltoi and the vali- 
dation of amplification efficiencies, jequire a 
dedicated effort . However, because Q(^lx:K doe* 
not require that PCIU j>iikIucIs be aiialyzud during 
the log phase of the amplification, it is tin: easier 
of the. two methods to use. 

Severn 1 detection system* uiv used for quan 
Utative 1*CR and RT-1*CH analysis; <1) agarose 
gels, (2)iiuurcsecut labeling of POU products and 
detection with laser-induced fluorescence using 
capillar)' electrophoresis (Faseo ct al. 1995} Wil- 
liams er at. 1996) or acrylamtde gels, mid (3) plate 
capture! and sandwich probe hybrid i/.at it m (Mul- 
der Cl aL 1994). Although these uH'UkkIn proved 

successful, each method requires post-]*CR ntu- 
nlpulailons That add Time to the analysis and 
may lead to hibuiatoiy i oiilrttrunation. The 
sample throughput of these met hud* i.s limited 
(wilh I he exception of the plate capture ap- 
proach)* and, therv.fcnv., these methods are not 
well suited foj u.ses demanding high sample 
throughput (i.e., screening of large numbers of 

bloiUwltrv-ulcs oi **iudy>dii^ SAmp)i?a t\u diagilu^* 
tic* or clinical trials). 

Here wv report the development of a novel 
assay for quantitative DNA analysis. The assay is 
bas^d on Die user. of the .5' nuclease assay first 
described by Holland et al. (1993). The method 
ases the 5' nucleic activity of 7Yn/ polymerase to 
cleave a noncxfcndlblc hybridlza! ion probe dur- 
ing t>ir extension phase of 1'OU- T\h\ approach 
uses dun! -labeled fjuoro^cnic hybrid! nation 
probes (Lec ct nl. 1993; Bailer ct al, 1995; Uvafc 
et al. 1996a,b). One fluorescent dyv serves as n 
reporter |FAM (i.e., 6-c«rboxyfluovvsvcin)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., 6-caH>oxy-tetramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
bridization probe release* the quenching of Hie 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at 51 run. 
The use Of a sequence detector (AIM Prism) allows 
measurement of fluorescent spearu of all 96 wells 
of the thermal cycler continuously during the 
l*C;K amplification. Therefore, the rcuclious aje 
iiiOTiltored in real lime. The output data is de- 
scribed and quantitative analysis of input target 
DNA sequences ts discussed below, 
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RESULTS 

PCR Product Derecrlon in R«ai Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
genc delivery, A plasmld encoding human factor 
VIII gene sequence, pltiTM (sec. Methods), was 
used as, a model therapeutic gune. The assay use* 
fluorescent Taqinan methodology and an instru- 
ment capable of* measuring fluorescence in real 
lime (Alii Prism 77(H) .Sequence Detector). The 
Taqman reaction requires » hybrldhurtlon jirohc 
lal>cled with two different flu orescent dyes. One 
dye Is a reporter dyv (I'AM), the other is if clench- 
ing dye (TAMRA). When the proln: Ss intact, fluo- 
icicenl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA); During Die extension 
phase of the VCR cycle, the. fluorescent hybrid- 
ization probe Is cleaved by the 5'-3 f lutcleolytk 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suiting In an increase of the reporter dyu fluores- 
cent cmisxiou *p*Ctra, PCR primers and probi;* 
were designed foi the human factor VI 1J se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge- co i j pled device (i.c„ CCD camera) for 
measuring the fluorescent emission spectra from 
SOO to C$$0 nm. Kach VCM tube was monitored 
sequentially for 2£ rnscse with continuous moni- 
toring throughout the amplification. Uach tube 
wo.% rr-cxan dried every B.5 sec. Computer K>f<- 
ware was designed to exumijir the fluorescent In- 
tensity of both the reporter dye (FAM).and 
the quenching dye (TAMRA). The fluorescent 
intensity of tJiC quenching dye, TArvJKA, changes 
very little over the course of the PCR ampllfl* 
cation (data not shown). There.fore, the Intensity 
of 1'AMllA dye emission serves a* an Internal 
.standard with v/hich to norm ul bee the reporter 
dye (FAM) emission variations. Tf>e software cal- 
culates a value termed AKn (or AftQ) using the 
following equation; ARn - (lln J ) (Rn*"), where 
Hn 4 . erniswlon intensity of re|>orier/emi5si*>n in- 
tensity of quencher at any given time In a reac 
tlon tube, and Ru emission intensitity of re- 
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porter/omission intensity wf quencher measured 
prior lo JO amplication in that same reaction 
tube. J ; or the purpose of quantitation, the last 
three data points (AKns) collected during the ex* 
tension step for each l J Ck cycle were analysed. 
The nucleolytic degradation of the. iiyundisr-ition 
probe occurs during ihe extension phase or rtai* 
and, therefore, reporter fluorescent ciiusMun in- 
creases during this time. Jin: Uuee data points 
were averaged for each KJK cycle and the mean 
value for each was plotted in an "amplification 
plot" shown In J'ifjurc 3 A. Tlie AKn mean value iv 
plotted on the jtaxls, and time, represented by 
cycle number, is plot loci on thvA-axis. During the 
early cycles of the VCM amplification, tin- ARn 



value remains at base line when sufficient hy- 
bridization probe has been cleaved by the Tin? 
jxriymcrasc »u*lftAtt activity, the intensity of to- 
portcr fhimtttccni emission lucrea***. Most PCk 
amplifiv4»ljnns reach » plateau phone of roporter 
( fJuorovviil emission If the reaction Is carried out 
to high cycle uujii1h:in. The amplification plot lit 
examined eaiJy in Hut reaction, at a point Ihat 
icprcsonis i\w lOff phase of producl arniUUlla* 
lion. This is done by ussignlng an arbRjiuy 
'threshold that is based on the variability of the 
base-line data, fn 1'igure 1 A, the threshold whs set 
at 10 standard deviations above the mean of 
Viaso line emission calculated from eyt;lu:» 1 lo 1 ^. 
Once the threshold is chosen, the point at which 
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Hqure 1 PCR product detection in real tlm* {A) The Model 7700 software will construct amplification plot* 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot, p .values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times me 
Standard deviation of the base line). (B) Overlay ot amplification plots of serially (1:2) diluted human genomic 

-actio primers. (O input DNA concentration of Ihe samples plotted versus t. T - All 



DNA samples amplified with £-actin primers. (C) Input 
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the amplification plot crowds the threshold is tit 
fined as C P C, is reported us the cycle number $\ 
this point. As will be demonstrate"!, Hit* C, value 
h pietliiiiv* of ihc quantity of input target. 

Cx Values Provide a Quantitative 'Measurement* o> 
Input Target Sequences 

Plgurc IB shows amplification plot* of llidi'fft?*- 

enl PCR amplifications overlaid, The ampUfau* 
tlons were performed on a 1:2 serial dilution ^ 
human genomic 1 WA. 'J'hc amplified target 
human p octln. The amplification plot* Kiiifl to 
the right (to higher threshold cycles) ns the input 
target quantity is reduced. 'JWs expected he 

mum niHittiortK with fewer starting copttw of the 

target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 Stan* 
dard deviations above the base line was used to 

determine the O r values. Figure 1C represents the 
C,. vain es plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
PC :r amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The Ct values decrease linearly with increas- 
ing target quantity. Thus, C r values am be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15,6* ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by m«st of the other samples. 
The 15.6-ng sample also achieves cndpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under Investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculate O, value as 
demonstrated by the fit on the line shown in 
Figure 1 C, All triplicate amplifications resulted in 
very similar d- values— Ihc standard deviation 
did not exceed 0,5 for any dilution. This experi- 
ment contains a >1 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol fluorescent in- 
tensity measurement of the AUI i'rlsm 7700 $e- 

30KX 
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moots over n very large rjmg«» of r*l*livf» *iarttnp, 
largot quantities. 

Sample Preparation Validation 

Several parameters influence the of Helen ry nf 
PCR amplification: magnesium and salt concern. 
Uations, reaction conditions (i.e., time and tem- 
perature), PCK target size and composition, 
primer sequences, and sample purity. All of the 
.above (actors are common to a single TCR assay, 
except sample to sample purity, in an effort to 
validate I he method of sample preparation for 
thciactor VJ11 assay, PCR amplication reproduc- 
ibility and efficiency ol JO replicate sample 
pre] Kirat ions were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quantitalcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
guiit: content in 100 and 2$ ng of total -genomic 
1WA. Each 1'CK amplification was performed in 
triplicate. Comparison of C, values for each trip. 
Hcate sample show minimal variation based on 

standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation into the 
quantitative J'CK analysis. Comparison of tbe. 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for f-t-actin gene quantity. The highest Cy 
difference between any of rhe samples was 0.&5 
and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rale of fluorcv* 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample, dilutions (Fig- 2). 
Any sample containing an excess of a PCK inhibi- 
tor would exhibit a greater measured (3-actJn O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Hg, 2), altering 
the expected Cr value change. T&vh sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity* 

Quantitative Analysis of a Plasm id After 
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f Table 1 



Reproducibility of Sample Preparation Method 



Sampfo 
no. 



1 



10 



Mean 



100 ng 



standard 
mean deviation 



CV 



18.24 
18.23 
.10.33 

ia.33 

18.35 

1M4 

18.3 

18.3 

18<42 

18,15 

18.23 

1B.32 

18.4 

18.38 

18.46 

18.54 
18.67 
19 

18.28 

18.36 

18.52 

16.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

7 8.66 
0 10) 



10.27 0.06 



1 ft/17 0,06 



18.34 0.07 



18.23 0.08 



18.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



18.55 
18.12 



0.12 
0.17 



0.32 

0.36 

0.46 

0,23 

1.26 

0.66 

0.83 

0,55 

0.66 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

20.41 

20,54 

20.6 

20.49 

20,48 

20,44 

20.38 

20.68 
20.87 
20,63 
21.09 
21,04 
21 .04 
20,67 
20,73 
20.65 

20.98 
20.84 

20.75 
20,46 
20.54 
20.48 
20.79 
20.78 

20.62 



25 ng 



mean 



20.43 



20.51 

20.73 
20.66 



standard 
deviation 



20*51 0.03 



70.54 0,11 



20.54 0.06 



0.05 



20.73 0.1 3 



21.06 0.03 



20.68 0.04 



20.86 0.12 



0,07 

0.1 
0.19 



CV 



0.17 
0.54 
0.26 
0.26 
0.61 

0.15 
0.2 
0.57 
0.32 

# 

0.16 
0,94 



(or containing a parlhil cUNA for hum<m factor 
vii? f pi-'oTM. A aeries of transfccUom was sot 
up using a decreasing amount of the plasmid*i(40, 
4, 0.5, and O.l u,g), IW.my-four hours poM- 
tran*r<;t*tir>n, total DMA was purified from each 
flask uf cells. p»Acliu gcnr tjuautily wa* cIiumtii 
a value for normoli/uit it#n of ^t-t lumic ON A con- 
centra U on from each scuupkvlu this exuerj intent, 

(i-actin gene content should remain constant 
relative to total genomic UNA. Figure 3 shown the 
result of the p*actln UNA measurement (100 Jig 
total DNA determined hy ultraviolet spectros- 
copy) ot each vuufiile. Kaeh sampte was analysed 
in triplicate ancJ the mean (i-actin C,- values of 
the triplicates were plotted (error bars represent 



between any two sample moan* was 0.95 C- 'Jen 
nanograms of total UNA of each sample were also 
examined for |Vactln. Hie results again .showed 
that very similar amount.? of genomic UNA were 
present; the maximum mean |* actin C: x value 
difference wa.s 1 .0. As Figure 3 shows, the rate of 
p actln C v clumgc between the 100 and 10-ng 
5ttjn|>l«;* was simitar (slope values rangn Hutwoen 
3.56 auJ - 3,45), This verifies again ihni this 
method of sample preparation yields sajnples of 
identical PCR integrity fl.<'-# no sample contained 
in excessive atnuuul of a PCR Inhibitor). How- 
ever, these results indicate that chcIi sample con 
talned slight difk-iences in the actual amount of 
genomic UNA analyxcd. Uetcrmination of actual 
MOiiomic UNA vonccnt ration was accomplished 
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i 
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i 

1,6 



i 
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i 

1.7 



i 

1J5 



Z 



M 



log (ng Input genomic DMA) 

Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 wore also amplified in 
tripicate using 25 ng of each DMA sample. The fig* 
uit shows die input DNA concentration (100 and 
25 ng) vs. C, In ihr* tirjiirp, th^ TOO and 75 ng 
points for each sample are connected by a line. 



by plotting the mean P-a'ctin O, value obtained 
for eaeh 100 ng samplv on a- p-aclin standard 
v-urve (shown in J'Sh- *0>. *^ 1C actual genomic 
DNA concent rail"" of each sample., was ob 
talned try extrapolation to the X>;»*ii, 

Figure -3 A shows the measured m>n* 
normalised) quantities of factor VJIJ plnninid 
DNA (pJ*8TM) from each of tlu: four transient cell 
tr<iii>fccUon&. Each reaction contained 100 n£ of 
total sample; DNA (as determined by UV speetros- 
copy)- l&ch sample was analyzed in triplicate 



25- 



23 

21 



20 



V 27,73 j *SWtfl(-t 



pPeTM trei rJuofaxi 

» - 4.0 ft? 

■* • 03 HQ 
A 0.1 p(j 



1 



1.2 



■ I 
1.4 



t-b 



i 

1.8 



34 



log (ng Input ON A) 

Figure 3 Analysis uf tiansfectcd cell DNA quantity 
and purity. I he DNA preparations of the lour 293 
cell transfections (40, 4, 0.5, and 0.1 fuj of pF8TM) 
were analysed for the 0-actln gene* 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfectcd, the {5-actln 
C 7 values are plotted versus the total Input DNA 



|>CT< amplifications. As shown, pFBTM purified 
>fioic Jbc 293 cells decrease* (mean C, values in- 
cuv.^) with decreasing amounts of plasmld 
arunsU'UCCL The mean C L values obtained for 
pWTM Hn TigufC 4A were plotted on a standard 
i_urvc comprised uf seilally diluted pKKTM, 
shown .in figure 4B. The quantity oJ plttTM, h, 
found in each of the four transfectlonK was de 
termined by extrapolation to the * axh; of the 
standard curve in Figure Thcac uncorrected 
values, b, for pwn*M were it or mailed to deter- 
mine tlie actual amount of pF8'lM found per 100 
nfi of genomic DNA by using the equation:. 



l> x 10 0 ng 

a 



actual pFSTM copies per 
T 100 Jig of genomic 1>NA 



90M 



where a *- actual genomic DNA in a sample and 
b *~ pFBTM copies from the standard curve. The 
normalised quantity of pI'BTM per 100 ng of ge- 
nomic DNA for cacti of the four Iransfectlons Is 
shown in Figure 'Hicse >oulis .show ihai the 
quantity of factor Vlll plasiutU associated wiih 
the 293 cells, 24 Iir after tranafwiitui, UinjiMSe^ 
with decreasing plaMiiul unji.eiuiatioo used in 
the transection. The quatHity of pi'BTM owocl- 

aieu with 293 cells, after transection with 40 n-g 
of piasmid, was 35 pg per 100 ng genomic PNA. 
Tills results in -520 plastnid copies per tell. 



DISCUSSION 

Wo have described a new method for quant Mut- 
ing gene copy numbers using fcaMlmc analysis 
of PUR amplifications. Real-time PCK is unnpaf- 
ible with cither of the two PC:K (KT-PCR) ap- 

proachev. (1) quantitative comrielStivt: where an 
inteuial winrHttltor for each target .sequence is 
used for normcthxatlon (data not shown) or (2) 
quantitative comparative PCK using w nujiimli^v 
tion gene contained within the sample (i.e., (3-ac- 
tin) or a "housekeeping" gene for RT-J*OK. Ff 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysis i> identical for eaeh 
sample, the tTirernal conlml (nujrmaliratlou ^ene 
t>r competitor) should give equal MKnals for alJ 
samples. 

The real-time PCK method offers several ad- 
vantages over tlic other two methods currently 
employed (see the introduction). First, the reaU 
time PCR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure* 4 Quantitative ftnafyiix of pFSTM in transfcctcd cell*. (A) Amount of 
plasmid DNA used for the trunsfection plotted against the mean C, value deter- 
mined for pfSTM remaining ^ hr alter transection. (0,O Standard curves of 
pPATM and £-actln, respectively. pTBl'hi DNA (0) and genomic. PNA (Q were 
dilutftd AArially 1 ;S before amplification with the appropriate primers. TKc f*-actin 
standard curve wa** used to normalise the results of A to 1 00 rt<j of genomic DNA. 
(D) The amount of pF8TM present p«:r 1 00 ng of fleoomic DNA, 



of sample. Therefore*, lh<« potential for TCR con- 
tamination in the laboratory is reduced because 
amplified products cam In* ^ualyyed and disposed 
of without opening the reaction tubes. Second, 
this method suppoiU the u.sv of a iiorm<i1ixHlk>n 

gene (La, P-actin) for quantitative. PCR or house- 
Keeping genes for cjoaniitattvc RT-1'CU controls. 
Analysis is performed in real lime during the Jog 
phase of product accumulation. Analysis during 
lug phase permits many different genes (over a 
wide input target range) to be anaJy^rd simuha- 
mxiusly, without concern of reaching reaction 
plateau at different cycle*. This will make uiulll- 
gene analysis assays much caMei iv develop, be- 
cause individual internal cum pet iloi> will not bc 
necded for each gene under analysis. Third, 
sample throughput will umea^e dramatically 
with the new method because there is no post- 
PCR processing time. Additionally, wen king In a 
96-well format Is highly compatible with auto- 
mation technology. 

The real-time PCR method ^ highly repro- 
ducible. Replicate amplifications can be analyzed 



for each sample minimizing jxMcnlial error. The. 
system allows' for a very large assay dynamic 
runge (approaching 1,000,000-foliJ Mailing tai- 
get). Uaing a .standard curve for the target oi in- 
tereM, relative copy number values can be deter- 
mined for any unknown sample, hi u orescent 
threshold value*, O r , conrJair. linearly with rela- 
tive t>NA copy numbers. Keal time quantitative 
R'J-PCH methodology (Gibson et al v this Ijuija) 
ha* ahobcen developed, finally, real time quan- 
titative l*Cll methodology can be used to develop 
high-throughput screening assay* for a variety of 
applications [quantitative gene c*£mv>i>iuii (RT- 
rCR), gene copy arrays <Ucr2, HIV, etc.), t gcni> 
typing (knockout mouse analysis), and Jnimum>- 

porj. 

Rcal-time POR may aLw Ik: jxrrformrxl using 
intercalating dyes (Hlguchi ct al- such as 

ciJiJdium bromide. The fluorogenic probe, 
method offers a major advantage over inter- 

■ 

calaiing dyes— 'greater specificity (i.e., primer 
dimcrs and nonspecific PCR products are not de- 
tuned). 
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METHODS 

Generation of <i ftasmld Containing a Partial 
cDNA for Human Factor Vlll 

Total KNA w<o harvested (KNAwil » <*mi Te«r l»c., 

frrjendawood, TX) from v«U> l t*n*fecled wtlh a fnetur Vlll 
expression vector, pClS2.lk'25U (Kaion el al. Got. 
man e.t al. 1900). A factor Vlll partial ehNA wpicmv WMS 
ru mted by in* -l»t:U KioiicAmp I?/ mh ItNA XK 
(pan NWiH-ov/y, Applied hiosy&icms 1'ostei c:ity, <^)J 

uslnp the priui«« KHfor mi«I l-*ftrev (prinu-r KcqumreN 

are shown below), The ampllcon was ^amplified uMnR 
modified iflfor and Wrcv primers t»pix*iuh*d with AmwIII 
and f/rviclll! restriction sire sequences »1 the V end, 

Clonal Into pCiHM- 3Z (IVomh^u tlnrp.. Mutton, Wi). The 
resulting <»mir, pVSTM, was uwtl l«r transient transfectlon 
oJ" 293 colls. 

Amplification of Target DNA ami Dclcalpn of 
Amplicgn Factor Vlll Plasmld DNA 

(pr"8TM) was ttinpllflea with Oiv |«iniei* Wfor 5'-C<;C- 

<rr<i<;(^\Ac>Au:jxjAixiKM\V3' and rarev .v-aaa<;c;t- 

t^OCXri'OGA'J'Cia rAC'iCi-^'.llic rvaellon piodueed « 422- 
np k;k product. The forward primer w*t> designed to rev 
ognlxe u unique M'lpieme Ami id hi l lie 5 1 untraiuhMed 
region of tilt; panriil uC132.tHZ5i> pldMiiid mid therefore 
dovtf not K'^ifcnUe, «"<d amplify Lhc human factor Vlll 
#cm». 1'fimorfi woro chosen with the avstivtawf of I Ik* onm- 
pulcr program OUko Hi <Nutiim;d llio.vciciK'es, lne„ I My- 
mouth, MN). The human fJ-actl« gene was amplified with 

Hie primer* fi-mlin forward primer S^TCAOOOACAt rTCT 
GCCCATCrVACCA-V and p-actiu reverse p» inner .V-CAf;. 

COGAACCX:(rr<:Ari<;<:c^AA'JGt1-3'. The reaction pro- 
duced a 295' hp vCM product. 

Amplification reactions (SO pJ) contained a DNA 
sample, Kix PC IK Huffor II (a p,l), 200 *im dAW, dCTl\ 
dGTP, and 400 p,M riUTI», 4 in\< Mg<;l>, Units Ainpll 
TiH) DNA poiymciasc, U,5 unit AinpKraw uracil /V-fily- 
«H>^UfK' <UNC), fiO j>inok- of each facKot Vlll jvlnwi, und 1£ 
p*u<4<* of ituoli p dictlo pdinc'C. 'Hut i^aciUfUfc iiko iK>nt«ttacd 
one Of the following doUTtlnn prnhoK (HM) om mr|i)» 

i^j.rt^c *'<KAM>Ac:crjrrrr:cut:frrcifrn , c;'ii , 'r<:TO , r. 

GCCTT(TAMRA)p 3' «ud p'«tiin proU- 5 f (FAM)ATOCX:(:- 
X(TAMKA)CCCCOATGOGATap-3' wl.cro p indicMes 
plmnphorylAtiAn fit\A X indicates a Unkcr arm nucleotide; 
Reaction IuIk** ww MitwiAmp Optical Tubes (part AUm- 
WrNKOI OO.i.^ l*crkln lUnu-i) that wore fro&UHl (*\ IVrkln 
Timer) to prevent liylU from /cflcdln^, Tube capk were 
ilmil<iv \n MicroAmp c;hjvi IhiI specially dtsiftned to pre- 
vein U^hl »cu(tvrMi{(' All <ri 1li<' IK'M ^ntrtutnuM< * woro c«>*" 
r lic.a t>y Pi: Applied lliotfyrtem* (|!*»»U*r CMy, CA) execpi 
Ihr facttor Vlll priiuers, wlilvli Weie nynlhrslxccl ixt Cenen 
lech, Inc. (Smith ?*iti \ Frtinclseo, CA). Probes wi-rv dcsJ^nccl 
using the Oljgo 4.0 soflworc, follvwltiK gtddelhiev kuk- 

(iesieo in tnc Model 7700 .sequence Deurtiw In.vmuiienl 
manual. Hrlcfly, probe T m ^jemUt he ni Jeasl 5 U C hlfthrr 
lhaii the amu-ulliiK itfin^Miurc u.ied diirlfift ihcrmul cy- 
rling; primers slio\dd not foim hUhto duplexed wild the 
probe. 

The thenuol tyrllng conditioivs Jneludvd % juln fti 
50°C and 10 min al 95"C. Thermal cycling proceeded with 
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reactions were performed "> < n <* Mnriel 77tUKSequence He- 

|tn-t<»r (rt Applted UlusysUun*), »>hirh conUlm a Oc»v - 
Amp W:U SyMum POOO- Uoacllon condition* w<*rf p«». 
^ruiiimed »i I'wwor Macintiuh V10(i (Apple U«n|«iir*r, 

Santa Clara, I'A) linked dirvrdy to the Model WOO 
tjucnw ixaoctor, AiimV 1 ° r daU w * v aUo i*''^'^^'^ on 
the M«i-U(o*h computer, f>>llortlon and MiinlyfiU Mifiware 
wi« devc|o|wl hi 1»K Applied Wosy«tunis. 

Traiufection of Cells with Factor Vlll Construct 

J-ouT r\7$ flasks of 293 cells (ATCO CM. 157H). ?t human 
feioi kidney Kwipen^on cell line, were {jniwn to 80% ton- 
llueney And transfceted pl ; KTM. Cells were grown In the 
following medlni 50% HAM'S ¥\2 without OHT, ,^0% low 
Itlueoso nullweo'si modified Ka«le niediuni (1JMF.M) with- 
out glycltn; with aodlum bicarbonate, 10% ietaJ twivine 
wnini, 2 him L-nlul<nnlno and 1% penitilliu-strrptomy- 

t,|n r The media WW Uipnfjcd 30 min l>efo«' Ihe Iran sice 
lion. pl ; UTM DNA «mounttt of 40, 4, 0S r and 0.1 pi; wen? 
aUiiecl to ml of a sulvtJon containing 0.125 m CmCA?; 
and t x llwniS. l*hc four mixhm^ were J eft at room ten*- 

pc.an«irc lO thexi udilvA Hnipwlso t<v tho cells. 

TJtv flw^ *w.-iv;un.uL«ted al 37°C'and £.% Cx\ for 24 hr. 
washed with Pits, ^*id r<wu*pcnded In PttS. The 
jn-mkri ccliii were divided ijito **lit)uol» uod UNA waa cx- 
fronted Immediately ushiK IhvQIAu/np l^ 1 *""! Kil (QUgen. 
auttnwrtli, <M)> UNA w»s eluled Into 200 of 30 ...^ 
IVMICJ ul pll ti.0. 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell- proliferation assays were 
done essentially as described 10,21 . Briefly, after antigen pulsing (30u.gml _I 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round -bottom 96 -well micro titre plates. After 48 h, the cultures were pulsed 
with 1 m-Ci of 3 H -thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 jxg 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI arid HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse- phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The iyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, lOmM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmP 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml -1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 

Received 29 September; accepted 3 November 1998. 

1. Chen, J. M. et al. Cloning, isolation, and characterisation of mammalian legumain, an isparaginyl 
endopeptidase. /. Biol. Chan. 272, 8090-8098 (1997). 

2. Kembhavi, A. A., Buttle, D. |„ Knight, C C. fic Barrett, A. I. The two cysteine endopeptidases of legume 
seeds: purification and characterization by use of specific fluoro metric assays. Arch. Biochetn. Biophys. 
303,208-213 (1993). 

3. Datton, I. P.. Hola Jamriska, L & Bridley, R |. Asparaginyt endopeptidase activity in adult Schistosoma 
ma nsoni. Parasitology 111, 575-580 (1995). 

4. Bennett, K. et at. Antigen processing for presentation by class II major histocompatibility complex 
requires deavage by cathespin E. Eur, /. Immunol 22, 1519-1524 (1992). 

5. Riese, R. J, et al. Essential role for cathepsin S in MHC class II -associated invariant chain processing 
and peptide loading. Immunity 4, 357-366 ( 1996). 

6. Rodriguez, G. M. & Diment, S. Role of cathepsin D in antigen presentation of ovalbumin. /. Immunol. 
149,2894-2898(1992). 

7. Hewitt, E. W. et al. Natural processing sites for human cathepsin E and cathepsin D in tetanus toxin: ' 
implications for T cell epitope generation. /. Immunol 159, 4693-4699 (1997). 

8. Watts, C. Capture and processing of exogenous antigens for presentation on MHC molecules. Annu. 
Rev. Immunol. 15, 821-850 ( 1997). 

9. Chapman, H. A. Endosomal proteases and MHC class II function. Curr. Opin. Immunol. 10, 93- 102 
(1998). > 

10. Fineschi, B.' fit Miller, J. Endosomal proteases and antigen processing. Trends Biochem. Sci 22, 377-382 
, ; (1997).-: 

11. Lu, J. & van Hatbcck, H. Complete l H and "C resonance assignments of a 21 -amino acid glycopeptide 
" prepared from human serum transferrin. Carbohydr. Res. 296, 1-21 (1996). 

12. Fearon, D. T. & Locksley, R. M. The instructive rote of innate immunity in the acquired immune 
response. Science 272, 50-54 (1996). 

13. Medzhitov, R. 8c Janeway, C A. ]. Innate immunity: the virtues of a nonclonal system of recognition. 
Celt 91, 295-298 (1997). 

14. Wyatt, R. et al The antigenic structure of the HIV gp 120 envelope glycoprotein. Nature 393, 705-71 1 
(1998). 

15. Botarelli, P. et al. N-glycosylation of HIV gp!20 may constrain recognition by T lymphocytes. /. 
Immunol 147.3128-3132 (1991). 

16. Davidson, H. W., West, M. A. & Watts, C. Endocytosis, intracellular trafficking, and processing of 
membrane IgG and monovalent antigen/membrane IgG complexes in B lymphocytes. /. Immunol 
144,4101-4109 (1990). 

17. Barrett, A. J. fit Kirschke, H. Cathepsin B, cathepsin H and cathepsin L Methods Enzymol 80, 535-559 
(1981). 

18. Makoff, A. )., Batlantine, S. P., Smallwood, A. E fit Fairweather, N. F. Expression of tetanus toxin 
fragment C in £ coli: its purification and potential use as a vaccine. Biotechnology 7, 1043-1046 
(1989). 

19. Lane, D. P. fit Harlow, E. Antibodies: A Laboratory Manual (Cold Spring Harbor Laboratory Press, 
1988). 

20. Lanza vecchia, A. Antigen-specific interaction between T and B cells. Nature 314, 537-539 (1985). 

21. Pond, L fit Watts, C. Characterization of transport of newly assembled. T cell-stimutatory MHC class 
II -peptide complexes from MHC class II compartments to the cell surface. /. Immunol. 159, 543-553 
(1997). 

Acknowledgements, We thank M. Ferguson for helpful discussions and advice; E. Smythe and L Grayson 
for advice and technical assistance; B. Spruce, A. Knight and the BTS (Ninewells Hospital) for help with - 
blood monocyte preparation; and our colleagues for many helpful comments on the manuscript. This 
• work was supported by the Wellcome Trust and by an EM BO Long-term fellowship to B. M. 

Correspondence and requests for materials should be addressed to CW. (e-mail: cwatts@dundee.ac.uk). 



letters to nature 

Genomic amplification of a 
decoy receptor for Fas ligand 
in lung and colon cancer 

Robert M. Pitti+t, Scot A. Marsters't, David A. Lawrence*!, 
Margaret Roy*, Frank C. Kischkel*, Patrick Dowd*, 
Arthur Huang*, Christopher J. Donahue 4 , 
Steven W. Sherwood", Daryl T. Baldwin", Paul J. Godowski*, 
William I. Wood", Austin L. Gurney\ Kenneth J. Hillan*, 
Robert L. Cohen", Audrey D. Goddard*, David Botsteint 
& Avi Ashkenazi* 

* Departments of Molecular Oncology, Molecular Biology, and Immunology, 
Genentech Inc., 1 DNA Way, South San Francisco, California 94080, USA 
$ Department of Genetics, Stanford University, Stanford, California 94305, USA 
t These authors contributed equally to this work 



Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 * 7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immu no precipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e> 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 jjigml" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the /V-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of.pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 1 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1,14 " 16 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — lp-gmi -1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythr in- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T 160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts" with other ligands, as do some other 
TNFR family members, including OPG 2 *' 9 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU 5ngml _1 ) oligomerized 
with anti-Flag antibody (0.1 u.g ml - ') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl and assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a. in presence of 1 ug ml" 1 DcR3-Fc (rilled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc, or DcR3-Fc (10u.g mr 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (rilled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr {mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p, q), one non-small-cell carcinoma (b), one small-ceil carcinoma (t), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, in situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd). the 
OcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Hest 
comparing each marker with DcR3. 



NATURE | VOL 3%| 17 DECEMBER 1 998 1 www.nature.com 



Nature © Macmillan Publishers Ltd 1998 



701 



tetters to nature 



FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis - 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clones 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). ■• - 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated ceil sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or EfFectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human Fast* (2 u^g), together with pRK5 encoding CrmA 
(2jxg) to prevent cell death. -After 16 h, the cells were incubated with 
biotinylated DcR3-Fc qr TNFRl-Fc and then with phycoerythrin -conjugated 
strep tavidin (GibcoBRL) , and were assayed by FACS. The data were analysed by 
Kolmogoroy-Sinirnoy statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown),; it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipttation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S) methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (IOjxM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 p.g), foDowed by protein A-Sepharose (RepHgen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji B AS 2000). 
Alternatively, purified, Flag- tagged soluble FasL ( 1 u,g) (Alexis) was incubated 
with each Fc-fusion protein (1 ixg), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 (xl aliquots into micro litre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti -human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 figml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4 + cells 14 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of ' r Cr in effector-target co- 
cultures relative to release of 'Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 1 * 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown ).:Gene- specific primers and fluorogenic probes were designed on 
trie basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to ~500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene- copy numbers were derived using the formula 2 (aCr \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-bindihg domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ co// u ~ 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and (}8-pl2) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, (34-07, al and ot2) on one side 
(within arm I) and a domain of mostly a-helices (a3-ot9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The fJ-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a t towards arm U. showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon* and *ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 



NATURE | VOL 396 1 17 DECEMBER 1998 1 www.naturc.com 



Nature © MacmUlan Publishers Ltd 1996 



703 



Int. J. Cancer: 78, 661-666 (1998) 
© 1998Wiley-Liss, Inc. 




^ - v Publication of the International Union Against Cancer 
Publication de I'Union Internationale Contre le Cancer 



NOVEL APPROACH TO QUANTITATIVE POLYMERASE CHAIN REACTION USING 
REAL-TIME DETECTION: APPLICATION TO THE DETECTION OF GENE 
AMPLIFICATION IN BREAST CANCER 

Ivan Bieche 1 - 2 , Martine Olivi 1 , Marie-Helene Champeme 2 , Dominique Vidaud 1 , Rosette Lidereau 2 and Michel Vidaud 1 * 

l Laboratoire de Genetique Moleculaire, Faculte des Sciences Pharmaceutiques et Biologiques de Paris, Paris, France 
2 Laboratoire d 'Oncogenetiqtte, Centre Rene Huguenin, St-Cloud, France 



Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erfaB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 7. 
Cancer 78:661-666, 1998. 
© 1998 miey-Liss, Inc. 

. Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as exrrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al., 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 1 1 q 1 3), and erb&2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al., 1992; 
Schuuring et ai., 1992; Slamon et ai. 1987). Muss et al. (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
a!., 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual -labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al., 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erb&2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy, number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-qI3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et aL, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbBl) 

N = : : . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
1 00 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 1 5 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96- well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

AH reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc. ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21 .2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes fapp and alb) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A 7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be delected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4q 1 1 -q 1 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbi?2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc; 0.7 to 1.6 (mean 1.06 ± 0.23) for. 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ± 6. 1 9) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbi?2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TU8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N 5: 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 


<0.5 


0.5-1.9 


2-4.9 2:5 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 0 
17(15.7%) 8(7.4%) 
8 (7.4%) 8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C t values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C ( to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C t ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (0 Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (it) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et al, 1992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al ( 1 992) and Courjal et al 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Tumor C t Copy number c t Copy number 



27.3 
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26.5 



4365 



T133 
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25.2 



10092 



T145 



22.1 



1 25892 



25.6 



7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et al, 1992; Borg et al., 1992; Courjal et 
al., 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al., 1995; Deng et al., 1996; Valeron 



et al., 1996). Our results also correlate well with those recently 
published by Gel mini et al. ( 1 997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




NccndJ/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


sb 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndlfalb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et aL, 1992; 
Slamon a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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